CROGRO is an interactive computer model that simulates crown growth in trees as they compete with each other for available space and light. The model contains growth data for six species of trees. CROGRO was designed to be used as a teaching aid. It allows forestry students to observe in a few minutes a process which, in the real world, occurs over several decades. The system is programmed in APL, and input/output is via a Tektronix 4015 graphics display terminal.
INTRODUCTION
CROGRO is an interactive dynamic computer model which simulates the growth of crowns (the leafy part of the tree) in even-aged -all trees are the same age -stands of trees. It is a competition model. The rate at which a tree can grow and the shape that its crown takes from year to year are determined by the biological characteristics of the species and the amount of competition it receives from neighbouring trees of the same and other species. Growth at any time depends on current competitive conditions, and on a tree's memory of the past as reflected by crown sizenot on age alone. CROGRO models growth from the time seedlings are planted until the trees are harvested, or until the stand matures and the trees eventually die. The primary objective in building CROGRO was to create a student training simulator that would give future forest managers an experimental environment in which to enhance their understanding of the dynamics of crown development in stands. A simulator is ideal for this purpose. The complex processes of growth, competition, survival and death can be observed in a matter of minutes. These processes can be observed in the real world only over long periods of time. With a simulator the student can study stand performance, explore management alternatives, and carry out experiments without affecting the real-world system. The simulator reported here was designed to reflect stand dynamics at the level of crown class differentiation.
A simulation modelling project to provide these facilities was undertaken as a joint project of the Faculty of Forestry and School of Computer Science at the University of New Brunswick. The model was developed to satisfy the following objectives and constraints: (1) The model had to grow several species of trees having different growth characteristics and shade tolerances, with emphasis on modelling crown development. Crown differentiation was to be demonstrated so that students could explore intra-and inter-species competition. The model had to simulate both open-grown and stand-grown trees. To limit the scope of the project, only the most important processes governing the differential development of trees in the stand were included. The responses to available light and stand density were included; the effects of such density-. independent factors as weather, site quality, and disease were omitted.
(2) Since the simulation was to be used as a teaching aid, graphic output was selected. (3) The simulation had to be interactive to permit the user to selectively cut trees. It had to be &dquo;user friendly,&dquo; prompting the user for input in a logical, clear manner, and it had to run fast enough to sustain user interest. Extensive error checking was required to insure that the simulation was always initialized with valid data. In addition, errors in input data had to be readily correctable and the simulation easy to re-initialize and terminate.
(4) The simulation was implemented using existing computing facilities.
(5) The simulation was developed with approximately four man-months of effort.
There have been a large number of models constructed to reflect tree, stand, and forest development. A recent summary of these is given by Shugart and West.&dquo; It is interesting to note in their review that the earliest models were primarily of the individual tree, later models reflected an average stand, while the most recent emphasis has been on forest-level models of succession.
Our interest here is strictly with the individual tree level of modelling. Particularly, we sought to model individual trees in the manner of Mitchell,' but by showing the vertical pattern of the crown development rather than the horizontal pattern as in his work. We wanted a user-friendly model that would provide a realistic picture of.vertical crown development in a stand. Such a model should both assist students in their comprehension of the relatively slow process of crown differentiation and increase their interest in the wide array of forest models available.
The approach used here is a combination of competition as used by Mitchell' be familiar with the general processes of forest stand growth. During the first few years after planting, the seedlings grow slowly in height, and the tree crowns extend laterally close to the ground. This is followed by a period of rapid height growth in which the tree crowns extend vertically, and begin to actively compete for light by shading one another. Eventually adjacent crowns touch and then lift from the ground (the lower branches die due to insufficient light). Those is, its ability to survive at low levels of illumination.
As the height growth slows and approaches zero in older trees, the crowns continue to grow in width and volume. Both the intermediate and co-dominant trees in the stand are gradually suppressed. After maturity, the crowns begin to shrink and with advancing age the stand starts to break up.'
Shade tolerance is related to the evolutionary strategy for survival of a species. Shade intolerants grow rapidly in their initial development and are generally short-lived. Shade tolerant species grow more slowly and are generally long-lived. The key mechanism is the photosynthetic capacity of the foliage of a particular species with respect to low light intensities.
In mixed stands, the shade intolerant species dominate in the early years, but the more tolerant species in the stand survive and grow beneath this canopy. As holes are opened in the canopy by the death of trees in the overstory, the shade tolerant species are released from suppression, grow up through the canopy, and become dominant.
The CROGRO program is designed to explore stand development in even-aged stands of trees. It grows trees in a twodimensional world in which only vertical and horizontal growth are permitted. This is analogous to a profile strip or slice, up to 30 m long, through a real stand. The user &dquo;plants a stand&dquo; on this strip to initialize the model by providing the number of trees to be initiated as well as the species, height, and spacing for each. The stand defined by the user is assumed to be bounded on both sides by stands which are identical to the user's stand. The user must provide the distance to this boundary when initializing the model. Thus the strip being grown can be viewed as being infinitely long with the stand repeated over and over again. It is therefore possible to plant a single tree and have it take the shape of an average stand-grown tree at any given spacing. Whenever the stand is displayed, the leftmost tree of the right-bounding stand and the right-most tree of the left-bounding stand are also displayed. In response to prompts from the program, the user supplies initial values for the species, spacing, and height of each seedling. Tree species must be one of the six species coded into the program: balsam fir [Abies balsamea (L.) Mill.]; sugar maple (Acer saccharum Marsh.); white pine (Pinus strobus L.), white birch, which is the same as paper birch (Betula papyrifera Marsh.); red pine (Pinus resinosa Ait.); and trembling aspen (Populus tremuloides Michx.). Two-year-old seedlings are assumed so the tree heights must be in the range of 50 cm to 100 cm.
The user must also specify a display interval which is the number of years between displays. A display is always done at age two to permit the user to verify the initial conditions. Each tree in the CROGRO program is described by 129 variables. The large number of variables needed to describe a tree in the program is a direct result of the requirement for a high degree of spatial resolution. The CROGRO program is based on representing the stand as shown in Figure 1 . A tree consists of a bole (trunk), a leader (the growing top of the bole), and foliage to the left and to the right of the bole (the crown).
The CROGRO model does not consider the root system at all. The space in which the trees grow is divided into a number of horizontal layers. For the species currently modeled, 60 layers 0.5 m thick have been found to be a suitable compromise between speed and graphic resolution. A tree is described by:
(1) Species (2) Height (3) Location (from the left edge of the stand) (4) The distance its foliage extends to the left of the bole in each layer (5) The distance its foliage extends to the right of the bole in each layer (6) The number of consecutive years the tree has been suppressed (growing very slowly in height) (7) A shade tolerance factor which accounts for reduced tolerance in dying trees.
Each species is characterized by some 24 parameters.'1 Within this representation, the tree growth is computed repetitively until all the trees have died or the user stops the simulation. A growth cycle can be any length of time. Two years have been found to be a good compromise between realism and computational requirements. During a growth cycle the stand is scanned layer by layer from the top and from left to right. When a leader is found it is grown vertically by an amount determined by the height growth function. If the growth takes the leader completely through a layer, some initial crown foliage is added in that layer. When the crown of a tree is encountered in a layer during a scan, the right side of the current crown and the left side of its right neighbour are simultaneously grown into the space between the two crowns. If a layer contains the crown of only one tree, the tree becomes its own right neighbour. Neither crown nor leader is grown into space already occupied by another tree.
The output routine draws a picture of the stand at each display interval and then asks the user to select one of four options:
(1) Pproceed (continue the current simulation run) (2) Ccut trees (kill the trees specified by the user) (3) Rreset the display interval (4) T -terminate this run.
If the cut or reset options are chosen, the user is prompted for the required information. If the terminate option is chosen, the user may restart with the same stand, specify a different stand, or terminate the simulation.
RESULTS
The script of a typical CROGRO simulation session is given in Figure 2 . The resulting graphical output is shown in Figure 3 . The outside trees shown in each panel are the boundary trees from the assumed adjoining stands and are shown so that their r effects on the edge trees can be discerned. Because the adjoining stands are replicates of the one being modelled, a tree #1 follows tree #5 at the right edge, and a tree #5 precedes tree #1 at the left edge. Figure 4 illustrates the results of a run in which one tree of each of the six different species incorporated in the program was planted. The trees were all started at the same height with an even spacing of 3 m. The fir, maple, and white pine are the most shade tolerant species and their crowns are closer to the ground, whereas the intolerant aspen has a very short crown. The fir, red pine, and aspen are characterized by rapid early height growth in contrast to the maple and white pine, which grow very slowly in height initially. Note that the hardwood Figure 5 . Effects of cuttmg This is the same stand illustrated In Figure 4 but mth trees 2 and 4 cut at age 30. crowns tend to spread more than those of the softwoods (fir and pines). figure, invites the user to cut any trees desired. The result of cutting trees #2 and #4 is shown in Figure 5 . For comparison, the same stand grown to age 50, but without cutting, is shown in Figure 6 .
CROWN GROWTH MECHANISM
The approach used in modelling growth is to compute the growth rate occurring in a dominant tree under conditions that produce the maximum height growth rate. This is then modified by multiplying by a set of multiplier functions (less than or equal to 1) which represent the various competitive effects acting on the tree. The growth rate functions are assumed to be functions of the current tree state (primarily height, crown area, and health) and available light, but not of age. Data on growth rate is not readily available in this form. The height growth rate, dh/dt, was found by taking height/age data for each species from yield tables1° with sites chosen to approximate New Brunswick growing conditions. A modified Weibull growth curve (Figure 7 ) was then fitted to this data to produce a curve of the form given in Equation 1 .'S where H is the height at age t; HA is the maximum height for the species; and HB and HC are constants which determine the shape of the curve. is diverted into bole diameter growth and into sustaining the crown rather than into height growth. To simulate these processes, the model assumes that an optimal crown size for height growth exists and varies with tree height. The optimal crown size was chosen, on the basis of expert opinion, to be that of trees grown at 2 m spacing. For each species, a run of the model was done at this spacing; the crown vertical cross-sectional area and tree height were recorded at each year. Crown area was then plotted as a function of height (Figure 9 ). A piecewise polynomial approximation to this function is used in the program.
Once the optimal crown area was determined, a height competition function was developed ( Figure 10 ). This allows full height growth if the current crown area of the tree is within 20% of the optimal area for the current height; otherwise height growth is reduced. Width growth is considerably more complex than height growth. Not only must the total area of the crown grow the proper amount, but the growth in each layer must be such that the crown takes on the shape characteristic of the species. As noted earlier, the model grows crowns in width by growing the right side of the current tree and the left side of its rightneighbour (in the current layer) into the space between the two trees, layer by layer. This approach was chosen for two reasons. First, it makes it possible to eliminate the bias that would be introduced if the left and right side of the current tree were grown as each tree is visited. Second, it is relatively simple to implement a spatially dependent vertical distribution of light intensity rather than have it averaged across the stand. This is very important in determining the shape of individual trees.
To determine a tree's annual crown width growth increment in a particular layer, dW -the amount the tree crown would grow in width in the current layer with the absence of competition -is computed. A light competition factor is then calculated and applied. This factor specifies the ability of foliage to assimilate light as a function of light intensity and species. If the illumination is below the light extinction point for this species, that part of the crown is killed. If there is enough light to permit growth, two additional competition factors are applied : distance competition, which mimics the growth reduction that occurs as two crowns get close to one another even before they touch; and health competition, which reduces width growth when annual height growth falls below the average annual height growth for the species. Health competition is based on the assumption that a tree with a crown which cannot produce full height growth is not in a healthy condition and will not be able to produce full width growth either. If the sum of the two width growth increments is greater than the available space, the available space is apportioned according to the relative sizes of the competing crowns. The foliage widths are then updated and the model proceeds to the next tree in the current layer, if any (Figure 1) . A Weibull growth curve was used to describe crown width growth over time, and, using the same technique that was used for height growth, an equation was derived giving the width growth rate, dW/dt, as a function of crown width W: dWIdt = W1 *(WA -W(t))*( -In(1 -W(t)IWA)) W2 (3) where W1 and W2 are constants. WA is the maximum crown radius in a given layer. Crown shape is dependent on, among other things, the angle, BA, at which branches grow to the bole. The maximum crown radius, SWMAX, is a function of this angle and the maximum branch length, BLMAX, as shown in Figure 11 . Thus, above height HMIN: where At any height H below HMIN, the maximum crown radius is given by WA is then determined from where SWMAX is the maximum crown radius for the species, H is the height of the layer being grown above the ground, and BA is the branch angle described above.
Another factor which affects crown shape is whether the tree tends to be excurrent or deliquescent. Excurrent species, such as fir and spruce, have a well-defined leader, but deliquescent species, such as sugar maple, have a bole which breaks up into branches without having a definite leader. This is simulated in the model by making the initial width of a new layer of foliage a function of the height of the tree and SA, a species dependent angle of deliquescence. I I Figure 11 . Crown geometry as used In CROGRO. All crowns are grown and displayed In terms of the parameters shown.
Shade tolerance is the ability of a species to survive at low levels of illumination. As the light intensity diminishes, the ability of foliage to produce photosynthate is reduced slowly at first, followed by a sharp drop to zero at a species-dependent light intensity known as the light compensation point (LCP) . Below the LCP, net photosynthesis is zero and the foliage quickly dies.&dquo; Ashby' defines the light extinction point (LEP) as &dquo;the lowest percentage of full daylight in which a species is found under natural conditions.&dquo; By combining the LCP and LEP concepts, the amount that a piece of foliage will grow over an entire growing season can be computed as a function of the average illumination.
The light competition function, LCOMP, is shown in Figure 12 . It multiplies dW to adjust width growth. The value of relative light intensity which makes LCOMP zero corresponds to the LEP. Below the LEP, LCOMP is negative so that when it is applied, dW also becomes negative and foliage dies. The average light intensity at a given point in the stand depends on the amount and density of foliage above it. Following
Horn' (p. 73), the function for light intensity in the growing space is assumed to be a negative exponential function of the leaf area above it. This is modelled by
The foliage density, FDEN, is a function of both the type and amount of foliage through which light has passed in order to reach the current layer. FDEN in the current growing space is the sum of the foliage densities in all layers directly above. The foliage density, DEN, of any layer with a growing space bounded by trees L and R, distance D apart is given by where tree L is of species SL and has foliage of width WL in the growing space; tree R is of species SR and has foliage of width WR (Figure 1 ). SFCON is a species dependent constant which represents the ability of the foliage to block light. As two pieces of crown approach each other, their rate of growth slows. In the model, this is simulated with a distance competition function, DCOMP, which multiplies dW. DCOMP is a function of the distance to the neighbouring foliage in the growing space (Figure 13 ). Health competition is used to reduce width growth in trees which are growing slowly due to old age or suppression. The average height growth rate, dHav/dt, for a tree is defined in model as the maximum height a tree of a given species can attain divided by the age at which this height is reached. Height growth rate, dH/dt, in the model is a function of height and crown size, thus a small dH/dt value indicates a reduced growth capacity for the tree. The health competition function is As a tree dies, the live crown shrinks from the bottom up. This happens slowly in some species and very quickly in others. In the model, a species dependent parameter, SOLD, specifies the number of years of slow growth a tree can withstand before it enters the irreversible death cycle. When a tree has been growing at less than half the average annual height growth rate for more than SOLD years it is killed by gradually decreasing the shade tolerance of the remaining foliage at a speciesdependent rate, which is again a function of normal life-span and shade tolerance.
VALIDATION OF THE MODEL
CROGRO is a very difficult model to validate in the traditional sense. There is surprisingly little quantitative data available on how crown shapes of these species change over time under different growing conditions, although there are many qualitative references. Any data found, such as Steill's paper on red pine,'3 was used to calibrate the model and, therefore, could not be used again for validation. The problem of matching crown growth rates in the model to site conditions in the real world makes quantitative comparisons with existing field data very difficult. The only way to validate the model in the classical sense is with sets of measured observations of individual crown development in stands over a period of 50 years to 100 years. No such data are available and gathering them was beyond the scope of the CROGRO project.
Another approach to validation is to involve experts on the subject being modeled in both the development of the model and the analysis of its predictions. The object then is to produce a believable model which behaves at least qualitatively in a fashion that is consistent with what is known to occur in the real world. Holling' states that validation is in fact &dquo;nothing but hypothesis testing&dquo; and then goes on to say: There is no sure way to decide what to predict and what level of detail to include in order to produce a believable model.... a believable model should accurately predict the qualitative properties of the temporal and spatial patterns characteristic of the historical system. This approach was taken in validating CROGRO. The output of the model was exposed to forestry researchers and students, and also compared with tree silhouettes taken from a standard handbook.~ Where a process in the model was shown to be in error, that is, yielded unbelievable results, the model was changed. Other discrepancies traced to program errors or to the improper calibration of parameters were corrected.
PROGRAMMING CONSIDERATIONS
The limited amount of time available for this project dictated the maximum use of existing facilities, both hardware and software.
Initially, it was proposed to build the software to run on a microcomputer. However, the available processors did not have floating point arithmetic hardware and had only a rudimentary graphics capability. Furthermore, nearly all the software would have had to be written from scratch. The university's central time-sharing system offered a choice of three languages and a sizeable software library. In addition, several Tektronix 4015 graphics display terminals attached to the central system were available for use during the development phase of the project. These terminals utilize a keyboard for input and a storage-type cathode ray tube for output. They are capable of displaying high quality line drawings. It was felt that the availability of the central facility's hardware and software support would enable most of the project time to be devoted to analyzing and solving the problem as opposed to wasting time with hardware and support software. The central system was selected.
A suitable suite of APL functions to drive the 4015 terminal was available. This function was not available &dquo;off the shelY' for either FORTRAN or BASIC, the other languages available on the timesharing system. APL was, therefore, chosen as the implementation language even though it is considerably slower than FOR-TRAN in execution.
The program consists of 16 APL functions written to describe crown growth, and 13 functions taken from the University of New Brunswick Computing Centre's APL public library, to perform the graphics display. Approximately 40,000 bytes of memory are required for the crown growth functions and 16,000 for the graphics functions. The data for each tree requires approximately 1024 bytes of memory. A stand of eight trees can be simulated in a 64,000 byte APL workspace. Running time is highly dependent on the number of trees, the length of the growing cycle, and the overall system load. It is directly proportional to the number of trees and inversely proportional to the length of the growing cycle. Ten trees is about the maximum number most users are willing to wait for. It has been found that a growing cycle of two years produces trees nearly as realistic as those produced by a one-year cycle and runs twice as fast. The realism deteriorates rapidly with growing cycles longer than two years. The elapsed time to produce Figure 3 (a growing cycle of two years) was 8.5 min and required 62 s of CPU time on an IBM/370 3032 computer. These times are high, but acceptable from the user's viewpoint. In an instructional setting, some of the running time is used for discussion of the output obtained and consideration of alternative actions.
A project to rewrite the program in FORTRAN is under consideration. This should reduce the running time considerably since it will eliminate the interpreter overhead. Some less expensive output devices are also being considered. Experience with a subsequent project to rewrite the program in BASIC for a microcomputer has shown the wisdom of our choice of a central time-sharing system. Although the program was successfully implemented on the microcomputer, it runs slower, and the output device produces less realistic looking trees.
The use of standard software components, where possible, has increased the flexibility and utility of the program. For example, only two changes were required to convert the program to produce reproduction quality drawings for this paper. The library driver for the Tektronix 4015 terminal was replaced with another library driver for an X-Y plotter; the plot size was altered to suit the paper layout. A large number of inexpensive (approximately $1,500) terminals have recently been acquired by the institution's central computing facility for classroom instruction. These terminals have a graphics mode in which they emulate the Tektronix 4015 terminal. The CROGRO program needed only a minor modification to account for the slightly different size of characters displayed by the two terminals, to run on the new terminals. The display quality is more than adequate for instructional pu rposes.
Addition of new species requires modifications to some of the functions as well as changing some data elements. It requires a knowledge of APL, but is not a complex task. Once the species parameters have been determined, adding the species and testing it take about a day.
CONCLUSIONS CROGRO successfully captures the most important dynamics of crown development in a stand, but no claim is made that it is a definitive treatment of the subject. Rather, it demonstrates the feasibility of using the CROGRO model to illustrate to students problems of studying crowns. It has been well received by those students and others who have used it to date. The model achieved all its objectives. As a teaching aid, it stimulates students to think about the processes at work in the forest.
CROGRO is being extended by adding standard stem growth relationships to the program. Modelling crown shape is, in fact, modelling branch growth. A more realistic, but more complex, model could be produced by doing so directly. This would also permit the modelling of the hollow crowns found on some species, which would in turn produce better looking open grown trees by allowing their crowns to extend both wider and closer to the ground. Advanced growth could be introduced into the model by allowing the user to plant seedlings at any time during the simulation run.
